A high-speed, contrast free, quantitative ultrasound velocimetry (vUS) for blood flow velocity 16 imaging throughout the rodent brain is developed based on the normalized first order temporal 17 autocorrelation function of the ultrasound field signal. vUS is able to quantify blood flow velocity 18 in both transverse and axial directions, and is validated with numerical simulation, phantom 19 experiments, and in vivo measurements. The functional imaging ability of vUS is demonstrated by 20 monitoring blood flow velocity changes during whisker stimulation in awake mice. Compared to 21 existing power Doppler and color Doppler-based functional ultrasound imaging techniques, vUS 22 shows quantitative accuracy in estimating both axial and transverse flow speeds and resistance to 23 acoustic attenuation and high frequency noise.
Introduction
Functional quantitative in vivo imaging of the entire brain with high spatial and temporal resolution 26 remains an open quest in biomedical imaging. Current available methods are limited either by 27 shallow penetration of optical microscopies that only allow imaging of superficial cortical layers, ULM measurement shows the microvasculature network in the brain; the white diffuse spot illustrates the 80 ultrasound point spread function; (c2) Frequency power spectrum from in vivo data where descending and 81 ascending vessels were observed in the same measurement voxel; (c3) 1 ( ) calculated using whole 82 frequency signal (gray circles), negative frequency signal (cyan dots), and positive frequency signal (green 83 dots), respectively. (d) Representative total velocity map and axial velocity map reconstructed with vUS of 84 a mouse brain; descending flow map is overlapped on the ascending flow map. The solid lines in (b&c) are 85 the fitted 1 ( ) using Equation 3. 86 As shown in Figure 1a , the movement of particles will cause the detected ultrasound field signal 87 to fluctuate in both magnitude and phase. This movement can be quantified based on the dynamic 88 analysis theory of the normalized first-order field temporal autocorrelation function ( 1 ( )). 1 ( ) 89 of a time varying ultrasound signal for a measurement voxel is given by, When imaging the cerebral vasculature, the blood vessel diameter is usually less than the ultrasound 102 system point spread function as indicated by Figure 1c1 . In this case, the group velocity and 103 velocity distribution must be taken into account as the relative movement of the scattering particles will result in additional decorrelation [15] . To simplify the derivation, we used a Gaussian speed 105 distribution where, is the group velocity; and describes the velocity distribution, and we 106 finally arrive at,
From Equation3, we note that in addition to flow speed, the axial velocity distribution also 109 contributes to the magnitude decorrelation, and the axial velocity component leads to a phase term 110 in 1 ( ) decorrelation. For details regarding the theoretical derivation, please refer to the 111 Experimental Section-vUS theory derivation.
112
In addition, we noticed from the in vivo data that it's common to have opposite flows present in the 113 same measurement voxel when imaging the rodent brain, as shown in Figure 1c1 . In this case, and negative frequency signals for the 1 ( ) calculation, as shown in Figure 1c2 . 121 To implement the vUS technology, we developed a comprehensive vUS data acquisition and 122 processing method (Materials and Methods-vUS implementation and Figure S1 ). Figure 1d 123 shows representative in-plane total velocity and axial velocity maps of a mouse brain reconstructed The numerical simulation validation (details in Materials and Methods) results shown in Figure   131 2a suggest that the vUS reconstructed total velocity ( ), transverse velocity component ( ) and Figure 2b3 shows the vUS 155 reconstructed results compared to preset speeds, from which we note that the vUS measurements 156 of total speed agree well with the preset speeds even for speeds as low as 1 mm/s for both transverse 
Blood flow velocity change evoked by whisker stimulation 179
To demonstrate the functional imaging capability of vUS, we measured the blood flow velocity 180 response to whisker stimulation. We developed an animal preparation protocol using a polymethylpentene (PMP) film [6] with a custom designed headbar for chronic ultrasound imaging 182 in awake mice (Materials and Methods), as shown in Figure 4a&b . Following the published 183 whisker stimulation protocol used in a previous PD-fUS study [4] , we used a stimulation pattern that 184 consists of 30 s baseline followed by 10 trials of 15 s stimulation and with a 45 s interstimulus 185 interval, as shown in Figure 4c . The vUS images were acquired at a rate of 1 frame/s. in optical functional studies [16] , we used vUS to detect the cerebral blood flow velocity change in 215 response to a 5 s whisker stimulation with a 25 s interstimulus interval, as shown in Figure S5b , 216 and see that the measured blood flow velocity increases in response to the 5 s stimulation, indicating 217 vUS is also sensitive to short duration stimulation evoked cerebral hemodynamic changes. 219 The data set acquired for the vUS calculation can also be used for PD-fUS and CD-fUS data 220 processing, so there can be a direct comparison of the different approaches. The advantages of vUS processing are apparent as shown in Figure 5 . We see that 1) CD-fUS is only able to measure the 222 axial velocity component (Figure 5a) ; 2) the signal intensity of PD-fUS is not linearly related to 223 total speed but nonlinearly decreases with increasing speed (Figure 5a2&b2) velocity, we note that vUS agrees well with vULM, while PD-fUS has high signal intensity in superficial layers and low signal intensity in deep regions, as indicated by the white and red arrows, 236 indicating the strong dependence of the PD-fUS signal on acoustic attenuation. In contrast, vUS is 237 not affected by acoustic attenuation as the normalization processing cancels the heterogeneous 238 acoustic distribution. Figure 6b1 shows the axial velocity maps obtained with conventional CD-239 fUS [4] (Online Methods). The conventional CD-fUS suffers from underestimation of Doppler 240 frequency (fD) due to mutual frequency cancellation when opposite flows exist within a 241 measurement voxel, as illustrated in Figure 6b2 . For a fair comparison between vUS and the 242 Doppler methods, we applied CD-fUS processing on the directional filtered data that we used for 243 vUS processing. As shown in Figure 6c , we note that the blood flow speed is overestimated by the 
Comparison of vUS with PD-fUS and CD-fUS

Discussion
The development of robust blood flow velocity measurement technologies has been of great 264 importance in neuroscience research as quantifying blood flow alterations enables the assessment 265 of brain disease [17] [18] [19] and interpretation of regional neural function according to neurovascular 266 coupling [20] . In this work, we introduced vUS based on the first-order temporal field autocorrelation than 1 mm depth [21] while maintaining high spatial and temporal resolution compared to magnetic 272 resonance imaging-based phase contrast velocity mapping [22] .
273
Using ultrasound signal decorrelation analysis to estimate flow speed dates back to the 1970s.
274
Atkinson and Berry [23] have shown that the motion of moving scatterers is encoded in the 275 fluctuations of the ultrasound signal and Bamber et al. [24] demonstrated that the ultrasound signal 276 decorrelation could be used to image tissue motion and blood flow. Wear and Popp and others [8,9,25- 277 28] showed that the decorrelation of ultrasound signal decays following a Gaussian form. In this 278 paper, we showed that the ultrasound signal field decorrelation is governed by three terms, whisker information reaches the barrel cortex via the thalamic VPM nuclei [29] , and the PO is a 296 paralemniscal pathway for whisker signal processing [30] . This experiment demonstrates that vUS is 297 sensitive to quantify the cerebral blood flow velocity change in response to functional stimulation 298 and can be applied for brain imaging in awake mice. vUS is that the metabolic rate of oxygen can be quantitatively estimated if vUS measurements are combined with quantitative oxygenation measurements using multispectral photoacoustic 311 tomography [31, 32] , providing a new high resolution biomarker for neuroscience research.
312
A limitation is that vUS is not sensitive to measuring blood flow velocity in small vessels with low 313 flow speeds due to the use of the spatiotemporal filter which rejects slow dynamics from the signal. caused by . Nevertheless, we note that the measured total velocity is very close to that obtained 321 with vULM as shown in Figure 3 . In the future, with the development of fast 3D ultrasound 322 imaging technology using a 2D transducer matrix, vUS can be easily adopted for 3D velocimetry 323 of the whole rodent brain. 
363
To ensure sufficient temporal resolution, the ultrasound plane wave frame rate was set to 30 kHz 364 which was mainly limited by the transmit time of the ultrasound signal in the sample through the 365 intended imaging depth, as shown in Figure S1a . To enhance the signal-to-noise ratio while 366 preserving sufficient temporal resolution, we further employed coherence plane wave 367 compounding [33] at five emitting angles (−6°, −3°, 0°, 3°, 6°) to form a compounded image whose 368 frame rate was 5 kHz, as shown in Figure S1b . 369 In addition, to acquire sufficient ensemble averaging of the US speckle fluctuations for the vUS 370 analysis, we acquired 200 ms of data, i.e. 1,000 compounded images, to calculate 1 ( ) over a 371 range of 0< <20 ms. Therefore, the maximum vUS frame rate is 5 frames/s. However, for extended data acquisition (i.e. >1 mins) the maximum vUS frame rate was reduced to 1 frame/s due to limit 373 data transfer and saving requirements. 
where, and are the complex ultrasound quadrature signal of the negative frequency 394 and positive frequency, respectively; ℱ denotes the Fourier transform; and ℱ −1 denotes the inverse 395 Fourier transform. 1 ( ) and 1 ( ) for and are obtained using Equation 2, 396 respectively.
397
We used criteria including the ratio of positive/negative frequency power to whole frequency power where, ℱ denotes the Fourier transform. These criteria enable us to skip the poor quality data, 403 which also greatly reduces the processing time.
404
Then, the fitting procedure is applied for both and , respectively. In practice, random 405 noise results in a prompt 'drop' of 1 (1), i.e. the change of 1 (0) to 1 (1) is not a smooth 406 transition compared to 1 (1) to the end of the decorrelation as the noise is uncorrelated. We 407 therefore modified the 1 ( ) equation by using an 'F' factor to account for this 'drop'. Also, it is 408 worth noting that when using a linear transducer array the ultrasound PSF is anisotropic in the 409 transverse directions, i.e. ≠ . In our experimental setup, was more than 3 times larger than 410 which results in a more than 9 times slower signal decorrelation rate from compared to 411 that from . Therefore, we omitted the y component from the 1 ( ) fitting to simplify the data (16) 429 We tested a mesh of and values to determine the initial guess of 0 and 0 by finding the Finally, the axial and total velocity maps were obtained for both descending and ascending flows, 438 as shown in Figure S1e . The Power Doppler image (PD-fUS) was calculated as [4] ,
where, N is the number of samples and sIQ is the complex ultrasound quadrature signal of the 443 moving particles.
444
The axial velocity based on the conventional Color Doppler calculation is obtained with [10] ,
where, c is the sound speed in the medium and c= 1540 m/s was used in this study; 0 is the 447 transducer center frequency; is the frame rate; and ℱ denotes the Fourier transform.
448
Further, for a fair comparison with vUS which obtains velocity map based on the directional filtered 449 data ( and ), we used Color Doppler to process the same directional filtered data to 450 obtain descending and ascending speeds (Figure 6c1) ,
Ultrasound Localization Microscopy
453
The ultrasound localization microscopy (ULM) images and the ULM-based velocity maps (vULM) 454 were obtained based on a microbubble tracking and accumulation method described in [13, 14] . Briefly, 455 a frame-to-frame subtraction was applied to the IQ data to get the dynamic microbubble signal.
The images of the microbubble were rescaled to have a pixel size of 10 × 10 . The centroid 457 position for each microbubble was then identified with 10 precision by deconvolving the
Experimental setup 503
Agarose phantom (no scattering) was used to fill the cranial window, which serves as the acoustic 504 matching medium between a water container and the mouse brain. The bottom of the water 505 container was covered with a thin clear film preventing water leakage. To maintain the brain 506 temperature of experimental animal, degassed warm water (37°± 1°) was circulating through the 507 water container and, along with the agarose phantom, worked as the acoustic transmitting medium 508 between the ultrasound transducer and the mouse brain, as shown in Figure 4a . An anteroposterior 509 linear translating stage was used to carry the ultrasound probe to acquire data at different coronal 510 planes.
511
For anesthetized imaging, the experimental animal was anesthetized by isoflurane through a nose 512 cone while the body temperature was maintained at 37° with a homeothermic blanket control unit 513 (Harvard Apparatus) and its head was fixed by a stereotaxic frame. For awake imaging, the 514 experimental animal head was fixed by attaching the head-bar to a customized mount and the 515 animal was treated with milk every ~30 min. 
II.
Function description for vUS data processing 665 Note: vUS data processing code and example data is available from: Supplementary   666 Code.
667
A. vUS data processing for in vivo data 668 A.1. main function 669
